BACKGROUND/OBJECTIVES: Obesity and undernutrition co-exist in many regions of Mexico. However, accurate assessments are difficult because epidemiological data on body composition are not available. The aim of this study was to facilitate assessments of body composition in Mexican school children of different geographical regions and ethnicity by developing equations for bioelectrical impedance and anthropometry based on deuterium oxide dilution. SUBJECTS/METHODS: We evaluated 336 subjects (143 belonged to six major indigenous groups) from Northern, Central and Southern Mexico. We measured height (Ht), weight (Wt), tricipital skinfold (Tricp-SKF) and resistance (R) based on a bioimpedance analysis (BIA). Fat-free mass (FFM) and fat mass (FM) were estimated from measurements of total body water with the deuterium dilution technique. 
INTRODUCTION
According to the Food and Agriculture Organization of the United Nations (FAO), a growing number of developing countries shoulder a 'double burden' of malnutrition, caused by the persistence of undernutrition, particularly among children, combined with a rapid rise in excess body weight, obesity and dietrelated chronic diseases. Stunted growth and underweight status also remain high in India and the Philippines; moreover, nationally aggregated data obscure disparities within regions and among different ethnic and socioeconomic groups. In Mexico, stunted growth affects over 30% of children aged 1-4 years in rural areas of the southern region. 1 On the other hand, the prevalence of overweight status was 30%, with an estimated increase of 1.1% per year in children aged 6-12 years. 2 Although it is clear that obesity is a problem in Mexico at the national level and undernutrition occurs in particular regions, it is difficult to accurately assess the prevalence because there is a lack of epidemiological data on body composition. In part, this is because reliable estimates of body composition require specific, precise, accurate tools.
Bioelectrical impedance analysis (BIA) and anthropometric equations are practical tools for assessing fat mass (FM) and fatfree mass (FFM) in field studies. However, empirical equations should only be applied to the specific populations from which they were generated. In epidemiological studies of diverse populations, particularly in emerging economies, BIA has limited use, unless the evaluation criteria are designed specifically for the populations under study. 3 Even algorithms developed from a fourcompartment model based on Caucasians in a foreign population are difficult to validate, because the composition of FFM is not constant across populations. Also, children and adults differ in body composition. For example, in children, the total body water (TBW)/FFM ratio is modified by changes in growth, maturation and sex. Therefore, equations should be specific for these age groups. 3 Predictive equations have not been developed for some ethnic groups, like the Middle Eastern population. 3 However, ethnicspecific prediction equations for body composition are justified. 4 This is important for Mexico, because it has three, well-defined, geographic and socioeconomic regions, and it is the eighth most ethnically diverse country in the world. 5 The national health surveys and a few other studies have used body mass index (BMI)/ age as an exclusive indicator of obesity and undernutrition. 6 However, because BMI (kg/m 2 ) is based on body size alone, this epidemiological data may underestimate differences in body composition among Mexican children. Thus, the definition and prevalence of obesity based on BMI could be misleading. We hypothesized that a specific regression equation might reveal with precision whether individuals from different ethnic 1 Laboratorio de Composició n Corporal y Gasto Energé tico, Centro de Investigació n en Nutrició n y Salud Pú blica, Facultad de Salud Pú blica y Nutrició n, Universidad Autó noma de Nuevo Leó n, Nuevo Leó n, Mé xico; 2 Division de Nutrició n, Centro de Investigació n en Alimentació n y Desarrollo, AC, Sonora, México; 3 Departamento de Nutrició n, Instituto Nacional de Ciencias Mé dicas y de la Nutrició n Salvador Zubirán, Distrito Federal, Mé xico and groups and regions showed differences in the relationship between body size (BMI) and FM or FFM, as has been shown in other countries. 7 Thus, the objective of this study was to develop equations for bioelectrical impedance and anthropometry based on deuterium oxide dilution to assess body composition in Mexican school children from different geographical regions and ethnic groups.
SUBJECTS AND METHODS Subjects
We analyzed data collected between 2006 and 2008 from the principal geographic and socioeconomic areas of Mexico (Northern, Central and Southern regions) to develop the prediction equations. 8 The term 'indigenous' was defined as a community with a strong cultural identity that speaks a language different from Spanish. The term 'ethnic group' can be applied to either an indigenous or non-indigenous population. 5 Each geographic area comprised two representative states, where the majority of two indigenous populations lived. The States considered were Sonora and Chihuahua (North), Puebla and Hidalgo (Center) and Chiapas and Yucatan (South). Due to its population size, demography and socioeconomic conditions, Mexico City (District of Coyoacan) was considered a separate region. 9 In each State, the selected municipalities had populations that comprised 40% indigenous people. The six indigenous populations included Mayo-Tarahumaras (Northern); Nahuas-Otomies (Central) and Mayas-Tzotziles (Southern). Near the municipalities with high fractions of indigenous populations, we selected a second group of municipalities with populations that predominantly comprised non-indigenous Mexican people. These included capital cities and other towns. A total of 29 municipalities (11 with high indigenous populations) were considered for the study. Of these, three non-indigenous and two indigenous schools from each State were randomly selected from official lists provided by The Secretary of Education. Finally, a random sampling procedure based on a quota of age and sex was used to enroll two children of each age between 6 and 14 years from each ethnic group. Ethnicity was established based on school classifications designated by the Secretary of Education and based on self-identification of the parents and subjects. Informed written consent was obtained from educational authorities, parents and children. The study was approved by the Ethics committee of the Research Center for Food and Development (CIAD, AC).
Anthropometry
In each state, two-trained anthropometrist made all measurements following standardized techniques. 10 For weight and height, the average of two measurements was used as the final value. For triceps skinfold (right side of the body), the average of three measurements was used as the final value. Maximum allowable differences between the measurements of a same observer were considerate and the mean of the technical error of measurement (TEM) was calculated: for weight 100 g (TEM ¼ 0. 
BIA measurement
Resistance (O) and reactance (O) were measured with a tetrapolar bioimpedance analyzer (Impedimed DF50; Impedimed Pty. Ltd, San Diego, CA, USA). The distance between distal and proximal electrodes (surface size 6.7 cm 2 ) was 6 cm. Measurements were made on the right wrist and the right ankle with the participant supine after 4 min lying down. All measurements were made by E Ramirez with a standardized protocol. 4 The average of two trials (between 4.0 and 4 min 59 s) was taken as the final impedance value. Maximum allowable differences between two measurements were 3 O for both resistance (R) and reactance (Xc) (TEM, R ¼ 0.37; TEM, Xc ¼ 0.27).
Total body water
Measurements of isotope concentration and TBW were previously described in detail.
11 For children aged 6-9 years old, FFM was calculated with Fomon et al., 12 age-sex-specific hydration values, as recalculated by Schoeller. 13 For children 410 years, FFM was calculated using the hydration factors proposed by Lohman.
14 These hydration constants were validated against a four-compartment model developed in our laboratory.
11 FM was calculated as follows: FM ¼ body weight À FFM.
Statistical analysis
Differences between males and females and between ethnic groups were assessed by two-way analysis of variance. For quality control, we validated the measurements of TBW based on deuterium oxide dilution by comparing them to the TBW predicted with equations reported by Wells et al. 15 We considered the TBW measurement to be reliable when the mean of the TBW by deuterium oxide dilution and the Wells et al. equation were different by p±2 s.d. (p À 0.70 to X0.90 kg).
Before developing the BIA and anthropometric prediction equations, each variable distribution was checked for outliers using Tukey's method by considering the upper and lower distribution limits as the median ± 2 times the interquartile range.
All independent variables were checked to ensure that they were associated with the dependent variable by looking at the individual associations having a correlation with a P-value of at least 0.2, before they were considered in the model development.
We intended to evaluate two children per age and ethnic group, from 6 to 14 years of age. This corresponded to 252 subjects, but was increased to 336, which is considered sufficient to develop a prediction equation. Reports have shown that with each set of 100, statistical power is within a range of 0.96-1.0 if the resistance index yields an R 2 of 0.80, while the addition 1-3 independent variables would result in at least an increment of R 2 ¼ 0.02. 16, 17 The final sample was split in two subsamples, and the children were randomly assigned (stratified by gender) to the prediction equation group (n ¼ 167) or a cross-validation group (n ¼ 169). The model selection was carried out in the prediction equation group with a step-wise multiple regression procedure.
For the BIA equation, FFM was the dependent variable. Predictor variables were sex (male ¼ 1, female ¼ 0), body weight, resistance index (height cm 2 /resistance O), age (months) and ethnic group (nonindigenous ¼ 1, indigenous ¼ 0). For the anthropometric equation, FM was the dependent variable. Independent predictor variables were sex (male ¼ 1, female ¼ 0), body weight, triceps, age (months) and ethnic group (non-indigenous ¼ 1, indigenous ¼ 0). Multicolinearity was analyzed by regression diagnostics with an appropriate condition number (CNo30) and variance inflation factor (VIFo10). Residual analysis was performed with studentized residuals and the normality assumption by graphical analysis and statistical testing procedures.
The new equations were tested with the validation group. First, a twoindependent samples t-test was used to test mean differences between split samples. The group mean accuracy of each equation was tested by two-way analysis of variance. Sex and measurement method variables (equations and reference method) were used as main grouping variables. The interaction between the variables of sex and measurement method was used to test whether differences between methods were specific to male or female groups. Individual accuracy of the new equations was tested by linear regression with the method described by Passing and Bablok. 18 In this method, the result did not depend on the assignment of the methods to X and Y. The slope, a, and intercept, b, were calculated with 95% confidence intervals (CIs) to test the hypothesis that a ¼ 0 and b ¼ 1. A cumulative sum linearity test was performed with the same method to investigate possible significant deviations from linearity between predicted and measured values. Agreement with bias and precision were assessed with the method of Bland and Altman. 19 Data were analyzed using the statistical program with NCSS 2001 (Number Cruncher Statistical System for Windows, Kaysville, UT, USA) and MedCalc, version 12.0.0.0 (MedCalc Software, Broekstraat, Belgium).
RESULTS
Physical and body composition results for the subjects were grouped by sex and ethnicity ( Table 1 ). The study included 143 indigenous and 193 non-indigenous children. There were no significant differences in height, TBW or FFM between children of different ethnicity. BMI was similar across all ethnic groups of the same sex. Nevertheless, non-indigenous children had a higher BMI/age Z-score and percent of body fat than indigenous children (Po0.001).
There were no significant differences in physical or body composition characteristics (Table 2 ) between the sample used for developing the equation and the sample used for cross-validation (P40.05). Randomized procedures produced a sample equation group of 167 and cross-validation group of 169 for the BIA equation. However, some Tricp-SKF data were missing; therefore, the final numbers of individuals used for the anthropometric equation included 160 for the equation group and 164 for the cross-validation group. The final prediction equations for FFM and FM were developed with the corresponding equation groups (Table 3 ). In the FFM equation, the resistance index (Ht 2 /R) and body weight accounted for the largest R 2 (96%) and the lowest SRMSE (square root of the mean square error) ¼ 1.39 kg. Ethnicity was the third variable entered in the model with a R 2 increment of 0.001. Since it did not improve the prediction, it was not selected in the final equation. Similarly, variables age and Xc did not improve prediction and were not included. The final model did not show multicollinearity as determined by specific indicators such as the CN (19.3) and the variance inflation number, VIF (5.3), meaning that there were no associations between independent variables. For the anthropometric prediction equation, FM (kg) was the dependent variable. Sex, Tricp-SKF and body weight were the significant predictors, and they accounted for 91% with a SRMSE of 1.60 kg. Ethnicity and age were the fourth and fifth variables that entered the model, respectively. However, they did not improve significantly the prediction. In the final model, multicollinearity was not a problem, as indicated by the VIF (1.7) and the CN (5.6).
We found no differences between the new equations and the reference method in the values estimated for FFM or FM (Table 4) . Also, there was no interaction between the method used and participant sex in the two equations. Based on simple linear regression, the BIA and the anthropometric equations explained 96% and 89% of the variance of the reference method, respectively. The measured FFM was plotted against the FFM predicted with the BIA equation, and the regression equation was: measured FFM (kg) ¼ -0.493 þ 1.024 Â predicted FFM (kg). The intercept did not differ significantly from 0 (t ¼ 0.86). Also, the measured FM was plotted against the FM predicted with the anthropometric equation, and the regression equation was: 
24.4 ± 5.9 24.5 ± 7.4 24.5 ± 6.7 Measured 24.2 ± 6.6 24.6 ± 7.2 24.4 ± 6.9 Predicted fat mass, kg 6.1 ± 3.8 9.5 ± 4.5 7.8 ± 4.7 Measured 6.3 ± 3.8 9.4 ± 5.1 7.8 ± 4.5
Abbreviation: BIA, bioelectrical impedance analysis. There were no differences between predicted and measured methods (P40.05). Values are means ± s.d.
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; again, the intercept was not significantly different from 0 (t ¼ 0.38). This was confirmed with Cusum's test, where no significant deviation from linearity was observed in either case. The precision was determined from the model R 2 value and from the standard error of the estimate from the regression procedures described above. The precisions were 1.43 and 1.58 kg, for the BIA and FM equations, respectively.
The Bland and Altman analysis was used to examine the bias in the discrepancy between each predictive equation, the BIA as a function of FFM, and the anthropometric equation as a function of FM, as determined by deuterium oxide dilution. We found no significant bias in either equation. The mean bias of the BIA equation (Figure 1 ) was 0.095 kg (95% CI ¼ À 0.122, 0.311) and the mean bias of the anthropometric equation (Figure 2 ) was 0.047 kg (95% CI ¼ À 0.197, 0.290).
DISCUSSION
This study described two precise, accurate, independent algorithms with anthropometric and impedance variables based on deuterium oxide dilution. These equations were developed as alternatives to BMI for assessing body composition in Mexican children from different regions and ethnic backgrounds. Data on body composition in non-Caucasian populations is scarce; furthermore, it is important to have simple, reliable tools for characterizing health problems associated with undernutrition and excess body fat in children from emerging countries.
The results of this study showed that ethnicity did not significantly contribute to the prediction capacity of either the impedance or anthropometric models. However, non-indigenous children had a higher percentage of body fat than their indigenous counterparts of the same sex, even after adjusting for body size. Few previous studies have incorporated different ethnic groups into the design of equations. A recent study reported ethnicity as a predictor of TBW with a leg-to-leg BIA in Caucasian, Asian and Afro-American adolescents. 21 However, most studies have found no significant contribution of ethnicity, despite differences in body composition reported in the samples. 22, 23 In a study that included New Zealand European, Maori and Pacific Island children; ethnicity was not selected as a predictor in a BIA equation based on isotopic deuterium dilution. 23 Compared with children and youth of the same age in that New Zealand study, Mexican non-indigenous children showed a percent body fat similar to that of the European children, and Mexican indigenous children had a lower percent body fat than the Maori and Pacific Islander children.
In the present study, the BIA equation included the resistance index and body weight. We found that the resistance index alone explained 94% of the variability in FFM. Reactance, sex and gender increased R 2 , but did not significantly contribute to reducing the estimation error. These results were consistent with other studies, where the resistance index was the most important contributor in the prediction of FFM in children, followed by weight, age and sex. 16, [22] [23] [24] However, the SRMSE obtained in the present study was improved compared with that shown in equations from previous studies. Nevertheless, one must exercise caution in clinical and individual applications.
The anthropometric equation was developed by adding body weight, Tricp-SKF and sex. The model explained 91% of the variability in FM, but the precision was lower compared with that of the impedance equation for FFM. This may be due to the fact that FFM is the component estimated by isotopic dilution, but FM is the variable of interest. In this case, the biological and measurement errors for the larger FFM compartment were propagated to the smaller FM compartment, which is calculated by the difference. 25 However, the new equation resulted in a better SRMSE than other reported anthropometric equations based on isotope dilution and DXA in non-Caucasian children, where body weight, Tricp-SKF and age were the main predictor variables. [26] [27] [28] The practical measurements of Tricp-SKF and weight could have advantages in indigenous communities, when cultural barriers restrict access to other skinfolds in the body, or in studies where BIA measurements are not feasible.
The validation procedures revealed that mean of the estimates of FFM and FM compared with the criterion method are accurate at a group level. The precision assessed with the SD of the bias and the limits of agreement facilitates generalizing from the sample to the population. Both BIA and anthropometric equations had precise estimates of FFM and FM. In terms of percent of body fat, this means that both, BIA and anthropometric equations showed a precision (SD) of 4.5% and 5.1%, respectively. Therefore, the new prediction equations can provide a useful alternative in epidemiological studies. However, at individual level, the use of the new equations should be used with caution.
In conclusion, the current study presented two novel equations for estimating body composition in Mexican children 6-14 years old from six predominant indigenous groups and a non-indigenous group from the principal geographic regions of the country. The new equations were precise, accurate and had a low standard error of the estimate; therefore, they can be applied in the field and in clinical settings, depending on the availability of the BIA and anthropometric instruments. However, the impedance equation showed the greatest precision and accuracy; therefore, it might be best suited to research and clinical applications.
Although malnutrition prevalence has decreased in Mexico in the last 10 years, there remain many regions and migrant groups in extreme poverty with a substantial number of undernourished children; these children are candidates for nutrition interventions, and could benefit from the use of these validated algorithms. Also, chronic disease related to excess body fat is one of the major health problems in Mexico in all population groups. Some studies have been limited by the use of algorithms provided by the BIA manufacturers or by the use of equations that are not suited to all populations. With our equations, future epidemiological studies might be able to provide reliable estimates of body composition in combination with the use of BMI for a better understanding of both obesity and undernutrition in children.
